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The human T-cell leukemia virus-encoded oncoprotein Tax is a potent deregulator of cellular gene expression. Here we
report that Tax represses transcription of the human bax gene, a gene whose protein product accelerates apoptosis. This
repression is mediated through a 27-bp sequence in the bax promoter that contains a putative basic helix–loop–helix binding
site. Deletion of this sequence abolishes Tax-mediated repression of bax. Repression of the bax gene may be biologically
significant, as we also show that HTLV-I-infected cell lines are resistant to a variety of physical, chemical, and biological
stimuli which induce apoptosis in uninfected T-cells. The repression of genes involved in promoting apoptosis, including the
bax gene, may contribute to retroviral survival, and initiate a pathway toward malignant transformation. q 1997 Academic Press
INTRODUCTION The tumor suppressor proteins are intricately involved in
the control of genetic integrity and the prevention of malig-
Human T-cell leukemia virus type I (HTLV-I) is the
nant transformation through the induction of apoptosis (Os-
causative agent of a highly aggressive T-helper cell ma-
borne and Schwartz, 1994; Stellar, 1995; Thompson, 1995).
lignancy called adult T-cell leukemia (Murphy et al.,
Because the HTLV-I Tax protein is strongly associated with
1989). The virally encoded Tax protein, a potent and
oncogenesis, we considered whether Tax may repress
pleiotropic deregulator of both viral and cellular gene
genes directly involved in the promotion of apoptosis, as
expression, is strongly linked to the oncogenesis associ-
this deregulation would favor viral survival and might also
ated with HTLV-I infection (Grassman et al., 1989, 1992;
be linked to HTLV-I-mediated leukemogenesis. In this study,
Nerenberg et al., 1987). A significant number of studies
we investigated the effect of Tax on expression of the human
support the hypothesis that deregulated gene expression
bax gene, which encodes an accelerator of apoptosis (Oltvai
by Tax may be a fundamental first step in malignant
et al., 1993). We reasoned that the bax gene may be a target
transformation of the infected T-cell (for review, see
of Tax repression, as four E-box elements are located in
Franchini, 1995; Franklin and Nyborg, 1995).
the 5* untranslated region of the bax promoter (Miyashita
Tax deregulation of gene expression is mediated
and Reed, 1995). Here we show that Tax strongly represses
through interactions with a variety of structurally unre-
the expression of the bax gene. This repression is mediated
lated cellular transcription factors (Franklin and Nyborg,
through an E-box-containing element in the bax promoter.
1995). Although most of these transcription factors medi-
Bax has been shown to promote apoptosis by forming heter-
ate activation by Tax, recent studies have shown that the
odimers with Bcl-2 (Nunez and Clarke, 1994; Oltvai et al.,
basic helix–loop–helix (bHLH) family of cellular tran-
1993). When Bax levels are high, the ability of Bcl-2 to pro-
scription factors mediates repression by Tax (Semmes
mote cell survival is blocked and cell death occurs. Tax
et al., 1996; Uittenbogaard et al., 1994, 1995). The bHLH
downregulation of bax may alter the ratio of Bcl-2 to Bax in
proteins, which play a critical role in cellular differentia-
the cell such that cell survival is favored over cell death.
tion and transformation, regulate gene expression by
The suppression of genes involved in initiating apoptosis is
binding to E-box DNA recognition sequences which are
likely to be an important viral survival strategy, and may
located in the promoters of target genes (Murre et al.,
be linked to the resistance of HTLV-I-infected cell lines to
1989). Genes repressed by Tax include the DNA repair
executing apoptosis.
enzyme b-polymerase and the important tumor suppres-
sor genes NF-1 and p53 (Feigenbaum et al., 1996; Jeang MATERIALS AND METHODS
et al., 1990; Uittenbogaard et al., 1994, 1995).
Recombinant plasmids
The human pBax-CAT reporter plasmid contains a 629-1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (970) 491-0494. E-mail: jnyborg@vines.colostate.edu. bp SmaI–SmaI fragment from the human bax promoter.
135
0042-6822/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID VY 8509 / 6a31$$$261 03-31-97 22:14:55 viras AP: Virology
136 BRAUWEILER ET AL.
This fragment maps from position 0315 to /314 relative lanes 1 and 2), indicating that the Tax expression plasmid
was not toxic to the cells. Similar results were obtainedto the major transcriptional start site and contains four
E-box elements with the sequence 5*-CACGTG-3*. A 256- when transfections were performed in the HTLV-I-nega-
tive human T-cell line Jurkat, indicating that Tax-mediatedbp SacI–SmaI fragment, containing sequences from/52
to /314 and including the four E-boxes, was subcloned repression of Bax expression likely occurs in the target
cell type in vivo (data not shown).in the reverse orientation immediately upstream of the
thymidine kinase minimal promoter (pminCAT) to create As described above, the promoters of genes which
are known targets for Tax repression contain E-boxes,the plasmid pminBaxE-CAT. A deletion of the most pro-
moter distal E-box was prepared by exonuclease III di- which serve as binding sites for bHLH proteins (Semmes
et al., 1996; Uittenbogaard et al., 1994, 1995). Since thegestion to produce a fragment containing sequences
/287 to /52 from the wild-type promoter. This E-box Bax promoter carries four downstream E-boxes, we con-
sidered whether these E-box elements might mediatedeletion mutant was cloned into pminCAT to generate
the plasmid pminBaxDE-CAT. Tax repression. To test this possibility, we constructed
a heterologous promoter by cloning a 256-bp fragment
containing the four bax E-boxes upstream of the herpes-Cell culture and transfections
virus thymidine kinase minimal promoter (Nyborg et al.,
CV-1 cells (African Green monkey kidney cells) were 1990) linked to CAT (pminBaxE-CAT) (Fig. 1A). Figure 1B
grown in Dulbecco’s modified Eagle’s medium supple- shows that the addition of the Tax expression plasmid
mented with 10% fetal bovine serum and 2 mM L-gluta- produced a 13-fold repression of the chimeric bax E-
mine. Transient cotransfection assays were performed box construct, indicating that the E-box elements are the
by calcium phosphate precipitation. Jurkat T-cells were likely targets of Tax repression (lanes 7 and 8). Tax had
grown in Iscove’s modified Dulbecco’s medium supple- a negligible effect on the parent plasmid, pminCAT (lanes
mented with 10% fetal bovine serum and 2 mM L-gluta- 3 and 4), indicating that the bax E-box-containing frag-
mine. CV-1 cell lysates were assayed for CAT activity, ment mediated Tax repression. Together, in the average
and the percentage of acetylated 14C-labeled chloram- of four independent transfection experiments in CV-1
phenicol was determined by phosphorimager quanti- cells, we observed that Tax produced a 3.2-fold repres-
tation. sion of pBax-CAT reporter activity, a 5.5-fold repression
of pminBaxE-CAT reporter activity, and a 22-fold activa-
Induction of apoptosis in HTLV-I-infected and tion of HTLV-I CAT reporter activity.
uninfected cell lines Interestingly, all four E-box elements in the bax pro-
moter share the sequence 5*-CACGTG-3*, and differ onlyApoptosis was induced by treating cells (11 105 cells/
in the sequences which immediately flank this core. Theml at start of experiment) with Taxol, antibody to the Fas
flanking sequences determine the specificity of bHLHreceptor, or UV irradiation. Titrations were performed to
binding (Fisher et al., 1993). While the four E-boxes sharedetermine the optimal level of each treatment. Cells were
similarity with the Myc recognition element, cotransfec-harvested 36 hr later and apoptosis was determined by
tion of a c-myc expression plasmid did not activate pBax-labeling the ends of fragmented DNA with terminal trans-
CAT or pminBaxE-CAT expression (data not shown). Toferase (the TUNEL assay; Oncor).
delineate which of the four E-boxes were required for
Tax repression of bax gene expression, deletion muta-RESULTS AND DISCUSSION
genesis was performed on the pminBaxE-CAT promoter
(Fig. 1A). As shown in Fig. 1B (lanes 9 and 10), deletionTo test whether the human bax gene might be deregu-
lated by Tax, we performed transient transfection assays of the most promoter distal E-box abolished repression
by Tax, indicating that this 27-bp element, containing awith a 629-bp promoter fragment from the human bax
gene (Miyashita and Reed, 1995) linked to the reporter single E-box, was sufficient to mediate Tax repression.
Together, these data show that HTLV-I Tax repressesCAT (pBax-CAT) (Fig. 1A) in the presence and absence
of an HTLV-I Tax expression vector (Nerenberg et al., transcription of the bax gene through a single putative
bHLH binding site. These findings suggest that expres-1987). Transient transfections were performed in CV-1
cells, a monkey kidney cell line that has been used exten- sion of Tax in an HTLV-I-infected T-cell may downregu-
late bax expression, resulting in the inhibition ofsively to study the functions of Tax in vivo. In Fig. 1B,
we show a representative transfection experiment where apoptosis.
A panel of uninfected and HTLV-I-infected T-cellcotransfection of the Tax expression plasmid produced
a 5.4-fold repression of pBax-CAT reporter activity (lanes lines was then examined to determine whether ex-
pression of Tax might inhibit apoptosis. With the ex-5 and 6). This repression was observed under conditions
where Tax activated HTLV-I CAT reporter activity (pU3R- ception of MT4, the HTLV-I-transformed cell lines in
this study have all been shown to express significantCAT; Brady et al., 1987) (4.5-fold activation, compare
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FIG. 1. (A) Map of pBax-CAT reporter plasmid constructs. The human pBax-CAT reporter contains four E-box elements with the sequence 5*-
CACGTG-3*. The four E-boxes were subcloned upstream of the thymidine kinase minimal promoter (pminCAT) to create the plasmid pminBaxE-
CAT. A deletion of the most promoter distal E-box generated the plasmid pminBaxDE-CAT. (B) Tax represses transcription of the bax gene promoter
through E-box-containing elements. Transient cotransfection assays were performed in CV-1 cells with 5 mg of pBax-CAT, pminBaxE-CAT, or
pminBaxDE-CAT reporter plasmids in the presence or absence of 5 mg of the HTLV-I Tax expression plasmid (Nerenberg et al., 1987), as indicated
(lanes 5–10). The percentage of conversion to acetylated [14C]chloramphenicol is indicated. As a positive control for Tax transactivation, the HTLV-
I CAT reporter plasmid (pU3RCAT; 5 mg), was assayed in the presence and absence of Tax (lanes 1 and 2). The parent plasmid, pminCAT, was
included as a negative control (lanes 3 and 4).
quantities of Tax (data not shown). In the MT4 cell the uninfected cells. The HTLV-I-transformed cell line
MT4 showed intermediate sensitivity with an averageline, a dramatic reduction in the expression of viral
proteins is linked to methylation of the HTLV-I provirus 42% survival. We also induced apoptosis in these T-
cell lines by engagement of the Fas receptor (Nagata(Saggioro et al., 1990). Each cell line was treated with
an inducer of apoptosis and cell death was monitored et al., 1995). Fas is a cell surface receptor which be-
longs to the tumor necrosis factor receptor superfam-by trypan blue exclusion and the TUNEL assay (Dar-
zynkiewicz et al., 1992). DNA fragmentation, an indica- ily (Osborne and Schwartz, 1994; Stellar, 1995; Thomp-
son, 1995). Engagement of the Fas receptor trans-tor of apoptosis, was detected with the ApopTag kit
(Oncor). Figure 2A shows a summary of the relative duces a signal which can result in apoptosis, and
antibodies directed toward the Fas receptor will alsocell survival following a 36-hr incubation with 5 ng/ml
Taxol, a chemotherapeutic agent that blocks mitosis generate an apoptotic signal (Trauth et al., 1989;
Yonehara et al., 1989). Figure 2B shows a summary ofby binding and stabilizing microtubules (Liu et al.,
1994). The average survival of the infected cells ex- the results obtained after incubation with 250 ng/ml
anti-Fas antibody. Again, we observed that HTLV-I-pressing Tax was 85%, compared with only 12% for
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FIG. 2. The induction of apoptosis in HTLV-I-infected and uninfected cell lines. Apoptosis was induced by treating cells (1 1 105 cells/ml at start
of experiment) with Taxol, antibody to the Fas receptor, or UV irradiation. Cells were harvested 36 hr later and survival was determined by trypan
blue exclusion and the TUNEL assay (Oncor). Cell survival is expressed as a percentage relative to untreated cells. Average values are shown. (A)
Treatment with 5 ng/ml Taxol (Sigma). (B) Treatment with 250 ng/ml antibody to Fas (Upstate Biotechnology). (C) Five-second exposure to UV
irradiation (254 nm).
infected cell lines remained less sensitive to Fas-in- 27-bp element that contains a putative bHLH binding
site. Tax-mediated repression of the bax gene may beduced apoptosis than the uninfected cell lines. An av-
erage of 91% of the Tax-expressing HTLV-I-infected biologically significant as we also show that HTLV-I-
infected cell lines are resistant to a variety of physical,cells survived treatment, while only 7.6% of the unin-
fected cells survived treatment. MT4 again displayed chemical, and biological stimuli which induce
apoptosis in uninfected T-cells. It has been difficult,intermediate sensitivity, with a survival of 48%. Finally,
apoptosis was examined following irradiation by UV, however, to correlate reduced Bax protein levels with
Tax expression (data not shown), suggesting that thewhich damages DNA and triggers a stress response
(Devary et al., 1993; Stein et al., 1989). Apoptosis was bHLH proteins in these leukemic cell lines may be
deregulated. Since the precise bHLH protein(s) whichinduced by subjecting the cells to short wave (254 nm)
UV irradiation. Figure 2C shows the average percent- regulates bax expression is unknown, we have not
pursued their dysregulation in these leukemic cellage of survival in these cell lines. The HTLV-I-trans-
formed cell lines, including MT4, were dramatically lines. Significantly, the most common mutations ob-
served in acute T-cell leukemias are chromosomalless sensitive to UV irradiation, with a survival of 81%
compared to just 3% in the uninfected lines. With few translocations involving genes encoding bHLH tran-
scription factors (Hwang and Baer, 1995). These typesexceptions, these data show that the HTLV-I-trans-
formed T-cell lines are significantly more resistant to of chromosomal translocations may be especially
common in HTLV-I-infected cells, as DNA damage isapoptotic stimuli compared to the uninfected T-cells.
Higher doses or prolonged treatment of HTLV-I-trans- likely to be more extensive due to Tax repression of
the DNA repair enzyme b-polymerase (Jeang et al.,formed cells, however, did result in the fragmentation
of DNA associated with apoptosis (data not shown, 1990; Uittenbogaard et al., 1994) and the tumor sup-
pressor genes NF-1 and p53 (Feigenbaum et al., 1996;and Gartenhaus et al., 1996).
In this study, we examined the role of the HTLV-I- Uittenbogaard et al., 1995).
The importance of the Bax protein in mediating anencoded Tax protein in the regulation of bax gene
expression. We demonstrated that Tax strongly re- apoptotic response has been previously shown through
studies demonstrating that Bax protein levels in mousepresses the expression of a pBax-CAT reporter con-
struct, and that Tax repression is mediated through a lymphoid tissue are markedly increased upon irradiation
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of human T-cell leukemia virus type I gene expression. J. Biomed.(Kitada et al., 1996). A strong (5- to 20-fold) induction
Sci. 2, 17–29.of the Bax protein preceded massive apoptosis in the
Gartenhaus, R. B., Wang, P., and Hoffman, P. (1996). Induction of the
lymphoid organs. The execution of apoptosis correlated WAF1/CIP1 protein and apoptosis in human T-cell leukemia virus
exactly with the induction of Bax protein. This evidence type I-transformed lymphocytes after treatment with Adriamycin by
using a p53-independent pathway. Proc. Natl. Acad. Sci. USA 93,suggests that Bax is one of the primary mediators of the
265–268.apoptotic response. In addition, the expression of bax is
Grassmann, R., Berchtold, S., Radant, I., Alt, M., Fleckenstein, B., So-also regulated by p53 (Zhan et al., 1994). Intriguingly, the
droski, J. G., Haseltine, W. A., and Ramstedt, U. (1992). Role of human
p53 gene is also repressed by Tax. Repression of p53 T-cell leukemia virus type I X region proteins in immortalization of
by Tax may further augment the repression of bax gene primary human lymphocytes in culture. J. Virol. 66, 4570–4575.
Grassmann, R., Dengler, C., Muller-Fleckenstein, I., McGuire, K., Dok-expression.
helar, M. C., Sodroski, J. G., and Haseltine, W. A. (1989). Transforma-The ratio of Bcl-2 to Bax can regulate cell survival.
tion to continuous growth of primary human T lymphocytes by humanIn this model, either upregulation of Bcl-2 or downregu-
T cell leukemia virus type I X-region genes transduced by a herpesvi-
lation of Bax would be sufficient to protect the cell rus saimiri vector. Proc. Natl. Acad. Sci. USA 86, 3551–3555.
from undergoing programmed cell death. Many viral Hwang, L.-Y., and Baer, R. J. (1995). The role of chromosome transloca-
tions in T-cell acute leukemia. Curr. Opin. Immunol. 7, 659–664.proteins have been shown to inhibit apoptosis by in-
Jeang, K.-T., Widen, S. G., Semmes, O. J., and Wilson, S. H. (1990). HTLV-creasing the expression of Bcl-2 or by encoding pro-
1 trans-activator protein, Tax, is a transrepressor of the human b-teins with function similar to Bcl-2 (Boyd et al., 1994;
polymerase gene. Science 247, 1082–1084.
Thompson, 1995). This is the first study, however, to Kitada, S., Krajewski, S., Miyashita, T., Krajewski, M., and Reed, J. C.
show that viral survival may also be based upon re- (1996). g-Radiation induces upregulation of Bax protein and
apoptosis in radiosensitive cells in vivo. Oncogene 12, 187–192.pression of Bax expression. Viral deregulation of the
Liu, Y., Bhalla, K., Hill, C., and Priest, D. G. (1994). Evidence for involve-human bax gene may precede the transformation of
ment of tyrosine phosphorylation in Taxol-induced apoptosis in aHTLV-I infected cells, providing a mechanism for the
human ovarian tumor cell line. Biochem. Pharmacol. 48, 1265–1272.
increased survival of infected cells and allowing the Miyashita, T., and Reed, J. C. (1995). Tumor suppressor p53 is a direct
slow accumulation of oncogenic mutations. transcriptional activator of the human bax gene. Cell 80, 293–299.
Murphy, E. L., Hanchard, B., Figueroa, J. P., Gibb, W. N., Lofters, W. S.,
Campbell, M., Goedert, J. J., and Blattner, W. A. (1989). Modelling the
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